Abstract. An accurate assessment of leaching losses in the vadose zone requires measurement of both solute and water flux to compute flux concentrations (CF). Leachate collected at a depth of 1.2 m in 32 passive capillary samplers (PCAPS), which sample soil-pore water continuously at tensions of 0-50 cm H20 was compared to that collected in 32 suction cup samplers operated under a falling head vacuum of 530-cm H20 over a 2-year period. There was evidence that PCAPS collected CF and suction cup samplers collected resident concentrations (CR) as shown by the earlier breakthrough of a bromide tracer in the PCAPS as compared to the suction cup samplers. CR was up to 100% lower than Cr during the rising branch of Br tracer breakthrough and up to 78% greater during the declining branch of breakthrough. Br content and water flux into PCAPS were correlated with correlation coefficients changing from positive to negative values with the advancement of the tracer breakthrough peak through the profile indicating the declining importance of preferential flow on Br transport. C• and Cr differed significantly (P < 0.05) for 35% of the sampling events for NO3, but seasonal means were mostly insignificantly different for this regularly applied and therefore more uniformly distributed anion. The early breakthrough of Rhodamine WT and Brilliant Blue FCF, which was applied with the Br, was very low with 0.15% and 0.08% of the initial concentration Co, respectively, with C• differing from Cr by up to -100%. For all tracers, mass leached using C• is therefore prone to bias for short-term (<0.6 pore volumes) monitoring.
Introduction
An accurate monitoring scheme of water flow and solute transport in the vadose zone relies on a thorough understanding of the characteristics at the site of interest. It is now widely recognized that the concept of a uniform displacement of the solute is not valid for most soils. Flury et al. [1994] came to the conclusion that preferential flow is the dominant form of water flow in a good portion of Swiss soils. Preferential flow, such as funneling in layered, sandy soils [Kung, 1990] , unstable, fingering flow in homogeneous sandy soils [e.g., Selker et al., 1992] , or macropore flow in structured soils [Shaffer et al., 1979; White, 1985; Priebe and Blackmer, 1989; Jabro et al., 1991] can lead to a concentration of flow in a small portion of the soil. Often, the percolating water bypasses the greater portion of the soil matrix [Thomas and Phillips, 1979; Magid et al., 1992] .
Since the bypassing water is not at equilibrium with the less mobile water, in general, it will have a different solute concentration. Krefi and Zuber [1978] therefore defined the flux concentration C F, which is the mass of solute per unit volume of fluid passing through a given cross section at a given time Copyright 1996 by the American Geophysical Union.
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0043-1397/96/96 WR-00290509.00 interval, and the resident concentration CR, which is the mass of solute per unit volume of fluid contained in an elementary volume of the system at a given instant. Which of these concentrations should be detected depends on the research goal. For leaching studies a measurement of C F is appropriate.
When the main concern is the available amount of nutrients, C R should give a good estimate.
The concentration mode to be measured dictates appropriate sampling technology. Large weighing monolith lysimeters are effective for measuring leachate and thus Cr [Parker and van Genuchten, 1984] but are limited by constructional and maintenance costs and a long stabilization period [Keeney, 1986] . Soil coring is the best method to determine C•, since it gives the amount of solute contained in a representative volume at a given instant of time. However, it is destructive, requires a large number of samples, and does not allow for repetitive measurements at the same point, thus limiting its usefulness when monitoring changes over time.
The solute content collected by the suction cup sampler depends upon the mode of operation. When used in a falling head mode, where the time of soil sample extraction is short in comparison to the time between sampling events, the sampler detects C• [Magid and Christensen, 1993] . Even under these conditions, it is only an approximation of C•, because for the suction cup, when operated under a falling head, (1) soil-pores It is apparent that it is difficult to obtain samples of the water flux and its solute content without disturbing the native flow [Parker and van Genuchten, 1984] . Probably the most reliable measurement of Ce, besides large weighing monolith lysimeters, can be obtained using PCAPS, since this device introduces minimal disturbance to the native flow regime. The matric potential at the top of the wick can be matched to the expected matric potential in the soil as a function of the flux by applying the design equation by Knutson and Selker [1994] . The length and the diameter of the wick and the sampling area will be adjusted to achieve the closest possible match. Dispersivity values of fiberglass wicks are much lower than those observed in many soils [Boll et al., 1992; Knutson and Selker, 1996] , and thus solute breakthrough characteristics are retained.
The objective of this study is to compare the estimate of the mean concentration of the soil solution as obtained by PCAPS to that obtained by the traditional suction cup sampler under the assumption that the first yields C e and the latter C R.
Materials and Methods

Experimental Site
The experiment was carried out at the North Willamette Research and Extension Center (NWREC), Aurora, Oregon. The soil, which is of glaciolacustrine genesis, is a Willamette loam (fine-loamy mixed mesic Pachic Ultic Argixeroll). Some basic properties of the soil are listed in Table 1 From 1982 to 1989 the area was in a uniform wheat/fallow rotation. In 1989, a cover crop/crop rotation study was established on the 0.9 ha site. The experimental design is a randomized complete block split plot, with cropping system as main plot and N rate as the subplot and with four replications. The subplots received either a zero (NO), medium (N1), or recommended (N2) rate of urea. One PCAPS was installed in each N1 and N2 replication and two PCAPS and four suction cup samplers in each NO replication, for a total of 32 PCAPS and 32 suction cup samplers. The number and position of the samplers were dictated by the requirements and financial constraints of the ongoing agronomic trials at this location. Instrumentation PCAPS were constructed from custom made epoxy-coated fiberglass boxes (32 x 85.5 x 62 cm) supporting a stainless steel panel (1 mm thick, 31 x 84.5 cm) with a 0.5-cm edge. The panel was subdivided into three 31 by 28-cm sections, each containing one wick and one collection vessel, thus establishing three sampling units within each sampler. The collection vessels were 3.78-L glass jars connected to the soil surface by high-density polyethylene (HDPE) tubing. The wicks employed were 2.93-cm OD Amatex fiberglass wicks (braided medium-density 1-inch fiberglass wick, #10-863KR-08, Amatex Co., Norristown, PA) with a maximum fiber length of 70 cm. (Use of trade names does not constitute endorsement by Oregon State University.) The first 22 cm of the wicks were separated into single filaments, and the material was cleaned according to Knutson Suction cup samplers were operated under a falling head of 53 kPa which was sufficient to collect ample volume and reliably obtained using the electric vacuum pumps employed in this study. The tension was applied to each sampler on the sample date prior to sample collection. 
Tracers and
Statistics
To assess whether a sample was drawn from the normal distribution, the probability plot correlation coefficient test (PPCC) was used, since it is conceptually easy and marginally more powerful for symmetric and skewed longer-tailed samples than other test statistics for normality, for example, Sha Data sets with data points less than the detection limit (censored data) were treated as follows: Data sets with more than 12% censored data were not considered. In that case, the missing data points will introduce too much uncertainty into the process of finding the underlying distribution. For data sets with less than 12% censored data, only the data above the detection limit were correlated to the fitted quantiles as determined from the complete data set.
For nonnormal data sets, nonparametric tests for the Ho hypothesis that the distribution of the dependent variable y does not change with the explanatory variable x include the Spearman rank correlation coetficient and the Kendall correlation coetficient. We used the latter [Kendall, 1938] The calculation of a flow-weighted mean of CF as compared to an arithmetic mean of C F increased the absolute value of the discrepancy by on average 5%. Therefore the discrepancy between field-averaged C R and C F is composed of (1) Biggar and Nielsen [1976] suggested using the suction cup sampler only to estimate relative differences instead of absolute values of the solute flux due to the lognormal distribution of the pore-water velocity. Since the evaluation of NO 3 leaching under different management practices is of interest in many studies, we compared the two sampling devices, i.e. concentration detection modes, in estimating the NO 3 mass leached under winter-cover cropped plots and winter-fallow plots receiving no fertilizer (Table 2) . NO 3 mass losses estimated using PCAPS were computed from averaged NO 3 fluxes, and for suction cup samplers from the product of average NO 3 concentrations (CR) and average water flux as estimated by PCAPS. Only in year 2 for the winter-cover cropped plots, the suction cup sampler estimate of NO 3 mass leached was significantly different than the PCAPS estimate (P < 0.05). The greatest bias of the suction cup sampler in estimating NO 3 mass losses, however, was found in the relative difference between winter fallow and winter-cover cropped plots for year 2. Although this difference appears to be due to random variations (P = 0.314), it casts doubt on the conclusion to use suction cup samplers to monitor relative differences. Further evidence is necessary from a wider range of soils to conclusively prove this point.
Rhodamine
WT and Brilliant Blue FCF Pesticide contamination of ground water is of significant contemporary concern. Chemical compounds with strong sorptive behavior, such as pesticides or the dyes used in this experiment, are most susceptible to leaching via macropores shortly after application at times of large infiltration, due to irrigation or strong precipitation events [Andreini and Steenhuis, 1990] . Macropores, such as cracks or burrows, are most pronounced in heavy soils under dry conditions, but essentially all soils contain some macropores [Beven and German, 1982] .
Upon installation, macropores were observed through visual inspection of the upper soil surface prior to PCAPS installation just above the samplers at an average rate of 0.8 macropores per sampler with a diameter ranging from 0.5 to 1 cm. Since these macropores are too small for mice and too big for earth worms, they probably originate from root activity. Old roots and one old tree trunk found in the profile support this hypothesis. We assume that the soil was near saturation in the upper part of the profile because of high amounts of precipitation (82 mm) 5 days before tracer application. Extrapolating measured matric potential at the depth of the samplers [Brandi-Dohrn et al., 1996] indicates that the soil moisture content in the lower part of the profile was still fairly low.
Observed dye concentrations were very low with a maximum observation of 0.15% of Co of Rhodamine WT (day 21) and 0.08% of Co of Brilliant Blue FCF (day 37). This implies that just after application preferential flow paths were not active. Several reasons might explain this fact. While backfilling and ?For Rhodamine WT and Brilliant Blue FCF concentrations smaller than the detection limit were taken as zero.
•Significant difference (paired t-test, P < 0.05).
twice compacting the trench with a back hoe, the inherent soil structure might have been damaged by the vibration. This is unlikely given the firm to very firm consistence of the soil. A more likely explanation is that the Ap horizon, which was close to saturation at the time of application, served as a mixing zone for the tracers, because tillage destroyed preferential flow paths in that layer. Thus the tracers were exposed to a much greater surface area and to longer residence times before reaching subsoil preferential flow-paths. Greater surface area and longer residence times both greatly enhance sorption thus explaining the very low early breakthrough of the tracers.
In the second year, virtually no Brilliant Blue FCF or Rhodamine WT was observed. Maximum concentrations were typically 0.009% and 0.01% of Co for Brilliant Blue FCF and Rhodamine WT, respectively. We believe that most of the Brilliant Blue FCF is degraded. Tonogai et al. [1978] found that Brilliant Blue FCF at a concentration of 0.3 of that applied in the present study diminished by 25% within 6 days under anaerobic conditions when mixed with 750 mL of sludge.
Field-averaged Rhodamine WT concentrations in suction cup samplers deviated by -95% to +46% as compared to the PCAPS for November 12 to December 3, 1992 (four sample dates after tracer application), when significant amounts of Rhodamine WT were observed (Table 3) . A significant (P < 0.05) deviation was observed only on November 25, 1992 (-95%).
Field-averaged Brilliant Blue FCF concentrations were consistently lower by 100% to 58% in the suction cup samplers as compared to the PCAPS for November 12 to December 3, 1992 (Table 3 ). The deviation was significant (P < 0.05) only on November 25, 1992. These numbers indicate that for sorbing compounds a lower mean concentration in the suction cup samplers is to be expected due to preferential flow phenomena. Further research at different sites is necessary to establish wider evidence.
Conclusion
Our assumption that suction cup samplers operated under a falling head vacuum detect C• while PCAPS detect C r has been confirmed by the early breakthrough of C r as compared to C•, which matches the theoretical findings of Parker and van Genuchten [1984] . This resulted in an underestimation of true leaching losses of a bromide tracer as long as the Br peak is above the sampler, and an overestimation as soon as it moved past the sampler. For longer time periods, i.e., >2 pore volumes, the overall bias might average out to a negligible difference. For shorter time periods (i.e., <0.6 pore volumes), the suction cup sampler will provide a severely biased estimate of Br mass leached. For a more evenly distributed anion such as NO•, which is applied many times a year over many years rather than in a single pulse, the bias appears to be most pronounced at short timescales (<0.05 pore volumes) but can in addition be significant at time scales of seasonal averages (i.e. 0.9 pore volumes). The typical early breakthrough of sorbing compounds due to macropores, which apparently is undersampled by suction cups, is underestimated using suction cups due to the importance of preferential flow on C r.
